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1 Introduction
We present a concept for an ultra-wide band, high-sensitivity and low-resolution radio telescope array
operating at 200 MHz-1100 MHz, which is optimized for cosmology with 21 cm intensity mapping
in the post-reionization era, but also addresses other science goals amenable to such observations,
including Fast Radio Bursts (FRBs), pulsar monitoring and transients as a part of multi-messenger
observations. Our project is named PUMA (Packed Ultra-wideband Mapping Array) and is an evolution
of the Stage II 21 cm experiment concept.
This idea grew out of deliberations of the Cosmic Visions Dark Energy Committee, a Department
of Energy panel tasked with investigating possible future directions for the DOE HEP program in the
field of dark energy science, and more generally low-redshift survey science. In two reports [1, 2],
the idea of a DOE-led 21 cm experiment was advocated, followed by the development of a concept
within the 21 cm working group. This has culminated in the 21 cm Roadmap document [3], which was
published on the arXiv in October 2018 and submitted to the DOE. For the decadal survey, the concept
has been significantly updated following new insights, mostly regarding the feasibility of the ultra-wide
bandwidth feed antennas and the theoretical modelling of the expected signal.
2 Context
In the next decade, three flagship US-led dark energy projects will be nearing completion: (i) DESI, a
highly multiplexed optical spectrograph on the 4 m Mayall telescope capable of measuring spectra of
5000 objects simultaneously; (ii) LSST, a 3 gigapixel camera on a new 8 m-class telescope in Chile,
enabling an extreme wide-field imaging survey to 27th magnitude in six filters; and (iii) WFIRST,
a space mission with a significant dark energy component, measuring both spectra and images of
galaxies over very small, but very deep fields. These experiments will characterize dark energy at lower
redshift with exquisite precision. Together with the continued exploration of the Cosmic Microwave
Background (CMB), they will keep the US at the forefront of cosmological observations. Having said
that, they will leave a majority of the post-reionization Universe, i.e. within z < 6, uncovered – this
range can be fully surveyed via 21 cm intensity mapping.
With PUMA, we propose a revolutionary post-DESI, post-LSST program for dark energy, and
more, based on intensity mapping of the redshifted 21 cm emission line from neutral hydrogen; the
field of observation will stretch from our local cosmological neighborhood, at z ∼ 0.3, out to z ∼ 6,
just after reionization. Unlike optical and CMB surveys, which are mature and now planning 3rd
and 4th generation experiments, hydrogen intensity mapping is a relatively new technique, but one
that offers important complementary science to these planned probes. The PUMA experiment has the
unique capability to quadruple the volume of the Universe surveyed by optical programs, providing a
percent-level measurement of the cosmic expansion history and growth to z∼ 6. This measurement will
significantly improve the precision on standard cosmological parameters, while also opening a window
for new physics beyond the concordance ΛCDM model.
In its full configuration, the total noise will be equivalent to the sampling (Poisson) noise from a
spectroscopic galaxy survey of 2.9 billion galaxies (or 600 million galaxies in the more modest, “petite”
configuration) on large, linear scales. In addition, multiple cross-correlations with optical surveys and
the CMB will dramatically improve the characterization of dark energy and new physics. The rich
dataset produced by PUMA will simultaneously be useful in exploring the time-domain physics of fast
radio transients and pulsars, potentially in live “multi-messenger” coincidence with other observatories.
PUMA is proposed with six basic science drivers in mind: two relate to fundamental advances in
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dark energy and modified gravity; two probe the inflationary period; and two touch on astrophysical
goals, namely the detection and characterization of FRBs and pulsars. These six agendas can all be
fulfilled by the same specialized instrument, as outlined in Table 1. While these goals inform and
primarily determine the design of the instrument, as with any synoptic project, PUMA will open doors
to numerous other science goals which we briefly discuss in Section 3.2.
Comparison with Existing Projects
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Figure 1: The Figure of Merit (FOM) for in-
tensity mapping experiments is the total number
of baselines in the linear regime multiplied by
the collecting area of each element, D2 (see end-
note 1). We display this FoM as a function of
redshift for a selection of experiments: Stage I
experiments (HIRAX and CHIME), the proposed
Stage II experiment PUMA and a future radio
telescope (SKA1-MID). Dashed lines show the
value assuming all baselines in the experiment are
in the linear regime. For CHIME, we take D =
(cylinder area/(feeds per cylinder))1/2 ∼ 2.8m.
For SKA1-MID, we assume 197×15m dishes ob-
serving at 30◦ off zenith and assign a 3× boost to
account for better noise and optical performance.
The design of an instrument to map large swaths of the sky
at modest angular resolution, but high sensitivity, is funda-
mentally different from that of radio telescopes specializing
in imaging of individual radio sources. This experiment is
therefore not in competition with the ngVLA [4] or SKA [5].
Instead, PUMA is an evolution of a different lineage of ex-
periments, including CHIME [6] and HIRAX [7], which we
refer to as Stage I experiments. Compared to high-resolution
imaging arrays, PUMA will be fundamentally different in
three aspects:
• The array elements are non-tracking and with consid-
erably simpler mechanical design, but are larger in
number.
• The array elements are closely packed together, pro-
viding information on the angular scales most impor-
tant for the science outlined in Table 1.
• The system provides extremely large instantaneous
bandwidth and relies on FFT beamforming to process
the data.
In Figure 1, we compare a few relevant experiments in terms
of an intensity mapping Figure of Merit (FOM), which is the
total number of baselines probing linear scales multiplied by
a single element’s collecting area.1 (ngVLA is not included
since it does not cover the relevant frequency range.) Despite
being cheaper than SKA-MID, PUMA is the most favorable design by this metric, because it has been
optimized for this science from the very beginning. For example, at the redshifts of interest, SKA-MID
will either under-resolve the baryon acoustic oscillations (BAO) if operating in single-dish mode or
over-resolve them if used as an interferometer [8].
Of the Stage I experiments, the currently most advanced survey is the Canadian CHIME experiment,
consisting of 1024 elements and operating at 400-800 MHz. It achieved first light in 2018 and has
already published ground-breaking results on FRBs [9, 10]. HIRAX is a similar experiment in the same
frequency band, also with 1024 elements, but relying on dishes rather than cylindrical reflectors and is
under construction in South Africa at the moment.
Many of the enabling technologies, in particular commodity DSP hardware operating at GHz
frequencies developed for the telecommunications industry, ultra-wideband transducers and off-the-
shelf networking of sufficient capacity, make the coming decade an ideal time for development of this
project (see Section 4). While the FFT beamforming employed by PUMA might be one of the most
ambitious aspects of this program, we remark that it is equivalent to a real-time co-addition of redundant
2
baselines which is a technique already employed by the CHIME experiment.
The success and lessons learned from these Stage I experiments will be instrumental in en-
suring that PUMA delivers its science goals. We note that compared to these experiments, which
are already operational, PUMA in its petite configuration is much more powerful, but only modestly
more ambitious in terms of hardware (about five times the number of dishes and roughly twice the
bandwidth). However, we plan an advanced program of technical development for system calibration
and understanding of performance in advance of deploying the array.
3 From Science Drivers to Instrument Design
3.1 Basic Science Drivers
The PUMA requirements are based on three science areas with two main goals each:
Probing the Physics of Dark Energy:
A. Characterize the expansion history in the pre-acceleration era. By the time PUMA becomes
operational, multiple experiments will have measured the expansion history close to the sample-
variance limit out to redshift z∼ 1.5 and with some precision to z∼ 3. PUMA will enable nearly
sample-variance limited BAO measurements all the way to z∼ 6 and complete the challenge of
characterizing the expansion history across the cosmic ages [11].
B. Characterize structure growth in the pre-acceleration era. Measuring the growth of structure over
the same redshift-range as the expansion history allows fundamental tests of general relativity [11].
If general relativity is correct, then the growth of structure is uniquely determined by the expansion
history. A disagreement between the two measurements would be a smoking gun of modified
gravity and PUMA is one of the most promising probes to detect it. PUMA will measure growth
by relying on the weakly non-linear regime where the degeneracy between bias and growth can
be broken by the shape of the power spectrum [12].
Probing the Physics of Inflation:
C. Constrain or detect primordial non-Gaussianity. Primordial non-Gaussianity is one of the very
few handles that we have on the physics of inflation [13]. Departures from Gaussianity at a
detectable level would provide evidence for non-minimal models of inflation which would imply
either multiple fields or deviations from slow roll. It would be a monumental discovery, potentially
probing physics up to the grand unification scale.
D. Constrain or detect features in the primordial power spectrum. Features in the primordial
power spectrum are another, often overlooked, handle on the physics of inflation [14]. They
are generically produced in a wide class of models of inflation and its alternatives. They could
provide hints about details in the inflationary potential and, if detected, would have a profound
impact on our understanding of inflation. The feasibility of this measurement in the (galaxy)
power spectrum has been demonstrated in [15].
Probing the Physics of the Transient Radio Sky:
E. Fast Radio Burst Tomography of the Unseen Universe. Fast radio bursts offer a unique probe of
the distant Universe if a survey with large numbers of precisely localized sources is available [16].
Faraday rotation provides a precision probe of intergalactic magnetic fields and time-delay
microlensing allows for a cosmic census of compact objects (including constraining black holes
as dark matter). In addition, dispersion can be used to measure the free electron power spectrum,
which breaks a degeneracy for interpretations of kinetic Sunyaev-Zeldovich (kSZ) measurements.
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F. Monitor all pulsars discovered by SKA. The SKA1-LOW and SKA1-MID arrays will detect of
the order of 3000 pulsars [17]. It is clear that none of the current telescope facilities, including
SKA itself, would have enough sky time to follow up the majority of these discoveries. Due to
the daily monitoring of a significant subset of these pulsars (depending on the pointing), PUMA
will be complementary to SKA, even in the petite array configuration (see Figure 2F). With its
unprecedentedly high timing cadence, PUMA will be able to characterize each of these new pulsar
discoveries, and carry out a systematic study of pulsar temporal variabilities, including nulling,
glitches, sub-pulse drifting, giant pulse emission, and potential signatures of new fundamental
physics.
From Science to Instrument. These science drivers motivate the design of the instrument as explained
in the Table 1. In short, every intensity mapping goal translates into a natural, required resolution. This
determines the longest baseline and, consequently, the linear extent of the array. The required sensitivity
determines the product N×D, where N is the number of elements in the array and D is the linear
dimension of each element.2 Finally, we argue that the dishes should be as small as possible in order to
allow closely-spaced baselines probing the large-scale modes that are crucial for our science goals. At
the same time, in order to minimize systematics, we set D to be at least a few wavelengths across at the
highest redshift in order to have some primary beam localization on the sky. For now we set D= 6m
which corresponds to about four wavelengths across at the highest redshift. Science goals A to D set the
basic array parameters, but the same array can also naturally achieve the science goals E and F.
The science goals therefore naturally determine the basic parameters of the experiment,
which we list in Table 2. We note that the array parameters needed for goals A and F are consid-
erably more relaxed compared to other science goals. However, both require a compact array filled
to approximately 50%. This leads us to a two-stage concept in which we start with a smaller array,
called petite, that can achieve science goals A and F, and make inroads into all the other science goals
to be followed by a full array. This two-stage approach is also attractive from the point of view of
commissioning and validating the full array.
The simplified argument presented here is supported by more sophisticated forecasting, which can
be found in [3]. We conservatively account for the baseline distribution and various noise contributions,
such as imperfect coupling to the sky and ground contamination. Nevertheless, some forecasts are
uncertain due to our lack of knowledge of the properties of the neutral hydrogen distribution at redshifts
beyond z = 2. Similarly, the assumed rates of low-frequency FRBs are extrapolations from higher-
frequencies.
3.2 Additional Science
The total science reach of this experiment is considerably wider than the six main goals. In the following,
we provide a brief overview of some of the other exciting science capabilities of PUMA:
1. Broadband power spectrum information. In addition to BAO and redshift-space distortion
extraction, the exquisite precision to which the linear power spectrum can be measured will allow
strong constraints on numerous basic parameters when combined with CMB and other large-scale
structure data. Among the parameter constraints forecasted in [3], we would like to emphasize
two: (i) the error on the energy density of light relics (cf. [18]), parametrized by Neff, halves to
σ [∆Neff] = 0.013, in combination with CMB-S4; (ii) the dark energy equation of state, w, can be
constrained with sub-percent precision even in cosmologies with free neutrino mass mν since the
mν -w degeneracy is strongly broken.
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Figure 2: A collage of scientific possibilities offered by PUMA (see [3] for detailed meaning of quantities and forecasting
methodology). Upper Left: Forecasted errors of BAO-derived distances compared with current and planned experiments
(petite array); Upper Right: Forecasted one-sigma errors on the growth parameter together with current and planned experi-
ments (distinction between σ8, f and fσ8 has been intentionally blurred for ease of comparison); Middle Left: Forecasted
errors on the fNL parameters compared with current and planned experiments (dashed is for optimistic foreground control);
Middle Right: Forecasted errors on linearly-spaced oscillatory features as a function of feature frequency; Lower Left: The
expected daily rate of FRBs for current and future experiments; Lower Right: Known [27] and forecasted SKA1 pulsars in
the PUMA field of view during a sidereal cycle for various N-S pointing offsets assuming observations at latitude −30◦.
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2. Weak lensing & linear matter field reconstruction. The apparent non-Gaussianity of the observed
intensity fields will be generated mostly by two mechanisms: weak lensing along the line of
sight and non-linear evolution of modes. These effects can be used to reconstruct both the weak
lensing potential (analogous to how the CMB measures weak lensing) and the primordial linear
density field [28]. New machine-learning inspired methods have the potential to extract almost all
information lost to foregrounds exploiting the non-linear cascade of power from large (contaminated)
scales to smaller, well-measured scales [29]. The extraction of the primordial linear density field
will allow cross-correlation with CMB lensing and galaxy lensing, but also provide a calibration of
photometric redshifts in photometric surveys. Moreover, weak-lensing reconstruction will provide
more lensing planes allowing for even more cross-correlations, many of which are internal to PUMA
and enabled by the extremely large redshift range that is covered.
3. Using PUMA to extract new information from the secondary CMB. Using Sunyaev-Zeldovich
tomography, PUMA will make a tomographic reconstruction of the remote CMB dipole field [30–34]
by appropriate cross-correlations with CMB observations. It can be used to reconstruct long-
wavelength radial modes (e.g. those most affected by foregrounds in 21 cm intensity mapping) from
the statistics of small-scale transverse modes. While SZ tomography can be performed with large
photometric redshift surveys such as LSST, doing this with 21 cm intensity mapping covers a larger
volume at higher signal-to-noise, potentially increasing the reach of the experiment to fundamental
physics [35,36]. A particular strength of PUMA is the increased redshift range, which helps alleviate
astrophysical systematic uncertainties in the forecasts by combining independent information from
multiple tomographic bins [37].
4. Multi-messenger probes. PUMA will have a considerable instantaneous field of view (up to
200 square degrees), which will likely cover some gravitational wave events by pure coincidence.
An immediate trigger from the array of gravitational detectors expected to come online in the coming
decade will allow a ring-buffer dump, enabling reconstruction of any coincident, low-frequency,
electromagnetic counterpart. For transients with known locations, their fluxes could be measured by
dedicating a number of real-time beamforming beams to them. The pulsar monitoring program of
PUMA will also be able to associate pulsar timing glitches with bursts of gravitational waves due to
crustal rearrangements [20].
5. Time-domain survey for pulsars and magnetars. SKA is set to be the power house in pulsar
searching for the southern hemisphere. However, there is still great potential for more discoveries by
re-visiting the same sky, as PUMA could observe transient phenomena such as magnetar outbursts
or pulses from Rotating Radio Transients (RRATs). PUMA is designed to have a wide field-of-view,
a large collecting area and a wide observing bandwidth. As we will be search for FRBs (goal E), we
will also have the capability of surveying for other time domain transients. The opportunities in
the next decade to use time-domain radio astronomy to understand strong-field gravity, ultra-dense
matter and high-energy astrophysics is summarized in [21] (including tests of scenarios such as
those laid out in [38]).
4 Enabling Technologies, Design and Project Considerations
There are considerable technical challenges in bringing PUMA to reality. The research roadmap is clear
and outlined in related submissions to the same panel [39, 40]. We proceed assuming these challenges
will be overcome, but with an implicit understanding that concrete technical solutions and, therefore,
the parameters of the instrument are subject to significant changes as our understanding matures.
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Site. We assume the PUMA telescope to be based in a remote site within an established radio-quiet zone
located in the southern hemisphere having a developed infrastructure and access to low-cost labor for
construction and operations. The most likely candidates are existing sites for the SKA in South Africa or
Australia. A southern hemisphere site will enable science objective F, while allowing cross-correlation
opportunities with LSST and CMB-S4. An alternative would be an existing NRAO site within the
continental USA.
Element construction. We envisage reusing many of the techniques that are being currently developed
for HIRAX and the proposed CHORD experiment.3 This includes composite or molded fiberglass
elements constructed on-site and receiver feeds which are supported using radio-transparent material
from the dish center that provides protection from the elements as well as enabling communication wires
running parallel to the ray path, minimizing diffraction. Our preliminary electromagnetic simulations
show sufficient beam localization even at the lowest frequencies where the dish is only four wavelengths
across.
OMT and primary focus electronics. Our conceptual design calls for an integrated front-end system
composed of an ortho-mode transducer (OMT), amplifier and digitizer sharing the same front-end with
local channelizer units serving several interferometer elements. Ultra wide-band OMTs have been in
development for some time. Demonstrated dual-polarization designs have achieved over 5:1 bandwidth
ratio at high coupling efficiency (> 90%) across the frequency band [41]. However, more R&D needs
to be done to achieve effective dish coupling and suitable mechanical properties for the PUMA optical
design.
Clock distribution. In order to fully benefit from early digitization and to enable sufficient phase
stability to be able to subtract foregrounds, the digitizer clocks need to be stably synchronized to within
100 fs over hour timescales. Promising techniques to achieve such performance include synchronous
enhancements to the IEEE 1588 timing protocol [42] and photonic phase synchronization systems such
as that baselined for SKA-MID [43]. In our costing forecasts, we assume a stable clock delivered to
clusters of six array elements.
Signal transport. Having many localized channelizer units will simplify the problem of inter-dish
communication (corner-turn problem) hierarchically and the packets will be distributed to correlators
using off-the-shelf networking. We will monitor the rapid anticipated technological progress during
the R&D period and implement the most cost-effective solution in the final design. The 50% fill factor
driven by the science considerations will naturally provide space for networking units connecting dishes.
Correlator. We will necessarily employ an FFT-based correlator that can exploit the regularity at which
dishes are distributed. During calibration periods, the correlator will perform either a subset of the
full N2 correlation problem or use another algorithm such as EPICal [44, 45]. The most cost-efficient
solution at the time will be used, which will likely result in some form of GPU-based technology. With
an FFT correlator, the FRB and pulsar front-ends do not need a dedicated beam-former and can instead
be implemented on top of the main correlator at a modest cost.
Foregrounds. Controlling foregrounds is the most challenging aspect of 21 cm observations, because
they drive the very stringent stability and dynamic range requirements. We plan a three-pronged
approach: (i) by using individual elements that go beyond what is normally required at these wavelengths
in terms of surface and scattering control, (ii) by employing a full per-element calibration scheme and
(iii) by developing new data reduction methods. All of these will require sustained R&D in the years
leading to PUMA.
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Figure 3: Beam calibration drone in
development at Brookhaven National
Laboratory.
Beam calibration and spurious coupling control. The Stage I exper-
iments are demonstrating that the knowledge of the beams of individual
elements and their coupling to other nearby receivers is one of the main
challenges to array performance, especially in enabling foreground
separation [46]. Moreover, known and extremely stable beams are
a pre-requisite for the FFT correlation required for PUMA. In addi-
tion to a tightly controlled telescope design and manufacture, we plan
to dedicate substantial hardware to measuring the beam, relying on
fixed-wing drones that are under development today.
Survey strategy. We expect that stability of the system will be our primary concern and PUMA
is therefore fundamentally a transit telescope. We plan to re-point only periodically to achieve the
necessary sky coverage. The details of the survey strategy will be the result of careful simulation work
as the project advances.
Transient localization. The current PUMA design can localize transient sources to arcminute precision
which could be further improved by adding outrigger stations for a construction and operations cost
increase of around 10%.
5 Cost Estimate
Although the design of PUMA is at the pre-conceptual level, we will make reasonably conservative
assumptions about scaling and future technology developments to extrapolate from precursor dish array
projects to arrive at plausible bounds on the eventual project cost. As the design matures and the project
is informed by R&D and through experience with precursor Stage I surveys, a more thorough and
parametric bottom-up cost estimate will be provided.
This cost estimate was performed by the Instrumentation Division at Brookhaven National Labo-
ratory in June 2019. The calculation was informed by input data from CHIME, HIRAX, BMX and
TianLai assuming appropriate scaling and in some cases yearly cost reduction based on historical
industry data. A US federal agency partnership modeled after the LSST, US-LHC and G2 dark matter
experiments is anticipated to provide the bulk of the construction and operations funding, supplemented
by non-federal funds from private and international participants at the 10% level. For brevity, we only
report the main numbers while the full costing details and supporting spreadsheets are available online.4
Our operational plan is to start the experiment by building the petite array and later upgrading it to
the full array. For direct comparison of costs, we however present them as two separate experiments
on the same timeline. The base year is 2019 with no escalation or contingency being included in the
estimate. The top level estimates for both implementation options are presented in Table 3 together with
a break-down of construction costs.
6 Conclusions
We have presented an implementation of a Stage II 21 cm experiment that will revolutionize the intensity
mapping field and complement other planned and proposed radio experiments such as SKA, ngVLA,
CHORD and DSA-2000.5 The main strength of PUMA is its sensitivity, coverage of large angular
modes and very large redshift range. We have forecasted many of the science goals and presented a
science-driven array design.
PUMA aims to be the first experiment to deliver an effective cost per galaxy redshift that is
significantly below $1 and, therefore, enables an effective multi-billion galaxy survey at a fraction of
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Phase Years
U.S. 
Federal 
($M)
Non-federal 
($M)
Total ($M)
U.S. 
Federal 
($M)
Non-federal 
($M)
Total ($M)
R&D FY 21-24 15.0 5.0 20.0 15.0 5.0 20.0
Final design and
site acquisition FY 25-26 8.0 2.0 10.0 8.0 2.0 10.0
Construction and 
commissioning FY 27-34 313.2 16.5 329.7 52.3 2.8 55.0
Operations FY 34-38 89.0 9.9 98.9 14.9 1.7 16.5
Science FY 35-38 103.9 34.6 138.5 17.3 5.8 23.1
TOTAL FY 21-38 529.1 68.0 597.1 107.5 17.2 124.7
FULL PETITE
R&D
3%
Final design and
site acquisition
2%
Construction and 
commissioning
55%
Operations
17%
Science
23%
PUMA FULL (EXPERIMENT ) 
$597.1M
SITE UPGRADE
2%
DISH
21%
FEED
2%
ON-DISH 
ELECTRONICS
25%
TIMING 
DISTRIBUTION
9%
CORRELATOR
9%
CORNER TURN
2%
BACK-END 
ELECTRONICS 
FACILITY
5%
FRB/PULSAR 
BACKEND
1%
CONTROL, 
CALIBRATION, 
AND DATA 
MANAGEMENT
9%
INSTALLATION AND 
COMMISSIONING
9%
MANAGEMENT AND 
SYSTEMS ENGINEERING
6%
PUMA FULL (CONSTRUCTION) $329.7M
Table 3: PUMA cost estimate. The table shows the top-level cost breakdown which is also presented in the
pie-chart on the bottom right. The bottom-left pie-chart further displays the components which constitute the
construction/commissioning cost.
the cost of existing techniques.
We have outlined the expected technology evolution that will enable PUMA. We propose that a
vigorous R&D program is started today in order to prepare and validate this concept with funding for
final design and construction to follow later in this decade. The technical aspects of such a program
are outlined in greater detail in [39] and many technical questions will be addressed by the current
generation of experiments with similar designs (HIRAX, CHORD). The research into remaining
theoretical uncertainties in the expected signal strength should be funded through standard research
avenues.
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Notes
1This figure of merit is motivated by the expressions for the noise power spectrum of an intensity mapping experiment,
which is inversely proportional to the number of baselines, the field of view and the square of the element-collecting area
(see equation (D4) of [3]).
2At fixed linear array size, the survey noise power spectrum scales with N×D ∝ Atot/D since the total collecting area
scales as Atot ∝ ND2.
3CHORD is a proposed second-generation intensity mapping experiment based on the CHIME concept, planned for
construction beginning in 2021 in Canada. Its present design consists of a compact array with 500 six-meter precision
composite dishes instrumented with 300-1500 MHz broadband feed and full N2 correlation capability. It is complemented by
several 1000 km-baseline outrigger stations for precise sub-arcsecond transient localization. Substantial private funding has
already been invested and the Canadian government will provide a funding decision in 2020. The members of the CHORD
team have expressed a willingness for their demonstrated technology to be a pathfinder for more ambitious projects such as
PUMA [47].
4https://www.cosmo.bnl.gov/PUMACostingJul19.zip
5DSA-2000 is a planned radio array with a focus on FRB science (see http://www.astro.caltech.edu/~vikram/
DSA_2000__Specifications.pdf).
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